Psychological stress is known to suppress immune function and increase susceptibility to infections and cancer. Paradoxically, stress is also known to exacerbate some allergic, autoimmune, and inflammatory diseases, which suggests that stress may enhance immune function under certain conditions. It has recently been appreciated that whereas chronic stress suppresses or dysregulates immune function, acute stress often has immunoenhancing effects \[[@B1]\].

One of the most underappreciated effects of stress on the immune system is its ability to induce significant changes in leukocyte distribution in the body \[[@B2]\]. Importantly, these changes have significant effects on immune function in different body compartments that are either enriched or depleted of leukocytes during stress. Moreover, acute stress can affect dendritic cell, neutrophil, macrophage, and lymphocyte trafficking, maturation, or function in ways that can enhance innate and adaptive immunity \[[@B3]-[@B6]\]. Acute stress experienced prior to novel cutaneous antigen exposure increases memory T-cell formation and results in a significant and long-lasting increase in immunity \[[@B3],[@B4],[@B6]\]. Similarly, acute stress experienced during antigen reexposure enhances secondary immune responses \[[@B7]\]. This suggests that depending on the condition under which the immune response is initiated, stress can enhance the acquisition and expression of immunoprotection and immunopathology.

In contrast to acute stress, chronic stress suppresses or dysregulates innate and adaptive immune responses through mechanisms that involve suppression of leukocyte numbers, trafficking, and function or changes in the type 1-type 2 cytokine balance \[[@B8],[@B9]\]. Chronic stress has recently been shown to increase susceptibility to skin cancer by suppressing type 1 cytokines and protective T cells while increasing suppressor T-cell function \[[@B10]\].

We have suggested that the primary biologic purpose of a psychophysiological stress response may be to promote survival, with stress hormones and neurotransmitters serving as beacons that prepare the immune system for potential challenges (eg, wounding or infection) perceived by the brain (eg, detection of an imminent attack) \[[@B1],[@B2]\]. However, this same system may exacerbate immunopathology if the enhanced immune response is directed against innocuous or selfantigens or if the stress response system is overactivated, as seen during chronic stress. In viewof the ubiquitous nature of stress and its significant effects on immunoprotection and immunopathology, it is important to further elucidate the mechanisms mediating stress-immune interactions and to translate findings from bench to bedside.

Stress
======

Although the word *stress*generally has negative connotations, stress is a familiar aspect of life, being a stimulant for some but a burden for others. Numerous definitions have been proposed for the word *stress*. Each definition focuses on aspects of an internal or external challenge, disturbance, or stimulus; on perception of a stimulus by an organism; or on a physiologic response of the organism to the stimulus \[[@B11]-[@B13]\]. Physical stressors have been defined as external challenges to homeostasis and psychological stressors as the \"anticipation justified or not, that a challenge to homeostasis looms\" \[[@B14]\]. An integrated definition states that stress is a constellation of events, consisting of a stimulus (stressor) that precipitates a reaction in the brain (stress perception) that activates physiologic fight or flight systems in the body (stress response) \[[@B15]\]. The physiologic stress response results in the release of neurotransmitters and hormones that serve as the brain\'s alarm signals to the body. It is often overlooked that a stress response has salubrious adaptive effects in the short run, \[[@B1],[@B3]\] although stress can be harmful when it is long-lasting \[[@B8],[@B13],[@B16],[@B17]\].

An important distinguishing characteristic of stress is its duration and intensity. Thus, *acute stress*has been defined as stress that lasts for a period of minutes to hours and *chronic stress*as stress that persists for several hours per day for weeks or months \[[@B15]\]. The intensity of stress may be gauged by the peak levels of stress hormones, neurotransmitters, and other physiologic changes, such as increases in heart rate and blood pressure, and by the amount of time for which these changes persist during stress and following the cessation of stress.

It is important to bear in mind that significant individual differences exist in the manner and extent to which stress is perceived, processed, and coped with \[[@B1]\]. These differences become particularly relevant while studying human subjects because stress perception, processing, and coping mechanisms can have significant effects on the kinetics and peak levels of circulating stress hormones and on the duration for which these hormone levels are elevated. The magnitude and duration of catecholamine and glucocorticoid hormone exposure, in turn, can have significant effects on leukocyte distribution and function \[[@B18]-[@B20]\].

Stress-Induced Changes in Immune Cell Distribution
==================================================

Effective immunoprotection requires rapid recruitment of leukocytes into sites of surgery, wounding, infection, or vaccination. Immune cells circulate continuously on surveillance pathways that take them from the blood, through various organs, and back into the blood. This circulation is essential for the maintenance of an effective immune defense network \[[@B21]\]. The numbers and proportions of leukocytes in the blood provide an important representation of the state of distribution of leukocytes in the body and of the state of activation of the immune system. The ability of acute stress to induce changes in leukocyte distribution within different body compartments is perhaps one of the most underappreciated effects of stress and stress hormones on the immune system \[[@B2]\].

Numerous studies have shown that stress and stress hormones induce significant changes in absolute numbers and relative proportions of leukocytes in the blood. In fact, changes in blood leukocyte numbers were used as a measure of stress before methods were available to directly assay the hormone \[[@B22]\]. Studies have also shown that glucocorticoid \[[@B23]-[@B25]\] and catecholamine hormones \[[@B26]-[@B31]\] induce rapid and significant changes in leukocyte distribution and that these hormones are the major mediators of the effects of stress. Stress-induced changes in blood leukocyte numbers have been reported in fish, \[[@B32]\] hamsters, \[[@B33]\] mice, \[[@B34]\] rats, \[[@B2],[@B25],[@B35],[@B36]\] rabbits, \[[@B37]\] horses, \[[@B38]\] nonhuman primates, \[[@B39]\] and humans \[[@B29],[@B40]-[@B43]\]. This suggests that the phenomenon of stress-induced leukocyte redistribution has a long evolutionary lineage and that it has important functional significance.

Studies in rodents have shown that stress-induced changes in blood leukocyte numbers are characterized by a significant decrease in the numbers and percentages of lymphocytes and monocytes and by an increase in the numbers and percentages of neutrophils \[[@B2],[@B35]\]. Flow cytometric analyses revealed that absolute numbers of peripheral blood T cells, B cells, natural killer (NK) cells, and monocytes all show a rapid and significant decrease (40 to 70% lower than baseline) during stress \[[@B2]\]. Moreover, it has been shown that stress-induced changes in leukocyte numbers are rapidly reversed on the cessation of stress \[[@B2]\]. In apparent contrast to animal studies, human studies have shown that stress can increase rather than decrease blood leukocyte numbers \[[@B11],[@B43]-[@B46]\]. This apparent contradiction may be resolved by taking the following factors into consideration: First, stress-induced increases in blood leukocyte numbers are observed following stress conditions that primarily result in the activation of the sympathetic nervous system. These stressors are often of a short duration (few minutes) or relatively mild (eg, public speaking) \[[@B11],[@B44]-[@B46]\]. Second, the increase in total leukocyte numbers may be accounted for by stress- or catecholamine-induced increases in granulocytes and NK cells \[[@B8],[@B41],[@B44]-[@B46]\]. Third, stress- or pharmacologically induced increases in glucocorticoid hormones induce a significant decrease in blood lymphocyte and monocyte numbers \[[@B1],[@B25],[@B41],[@B47]\]. Thus, stress conditions that result in a significant and sustained activation of the hypothalamic-pituitary-adrenal (HPA) axis result in a decrease in blood leukocyte numbers.

In view of the above discussion, it has been proposed that acute stress induces an initial increase followed by a decrease in blood leukocyte numbers. Stress conditions that result in activation of the sympathetic nervous system, especially conditions that induce high levels of norepinephrine, may induce an increase in circulating leukocyte numbers. These conditions may occur during the beginning of a stress response, very short-duration stress (order of minutes), mild psychological stress, or exercise. In contrast, stress conditions that result in the activation of the HPA axis induce a decrease in circulating leukocyte numbers. These conditions often occur during the later stages of a stress response, long-duration acute stressors (order of hours), or severe psychological, physical, or physiologic stress. An elegant and interesting example in support of this hypothesis comes from Schedlowski and colleagues, who measured changes in blood T-cell and NK cell numbers as well as plasma catecholamine and cortisol levels in parachutists \[[@B41]\]. Measurements were made 2 hours before, immediately after, and 1 hour after the jump. The results showed a significant increase in T-cell and NK cell numbers immediately (minutes) after the jump that was followed by a significant decrease 1 hour after the jump. An early increase in plasma catecholamines preceded early increases in lymphocyte numbers, whereas the more delayed rise in plasma cortisol preceded the late decrease in lymphocyte numbers \[[@B41]\]. Importantly, changes in NK cell activity and antibody-dependent cell-mediated cytotoxicity closely paralleled changes in blood NK cell numbers, thus suggesting that changes in leukocyte numbers may be an important mediator of apparent changes in leukocyte \"activity.\" Similarly, Rinner and colleagues showed that a short stressor (1-minute handling) induced an increase in mitogen-induced proliferation of T and B cells obtained from peripheral blood, whereas a longer stressor (2-hour immobilization) induced a decrease in the same proliferative responses \[[@B48]\]. In another example, Manuck and colleagues showed that acute psychological stress induced a significant increase in blood cytotoxic T lymphocyte numbers only in those subjects who showed heightened catecholamine and cardiovascular reactions to stress \[[@B49]\].

Thus, an acute stress response may induce biphasic changes in blood leukocyte numbers. Soon after the beginning of stress (order of minutes) or during mild acute stress or exercise, catecholamine hormones and neurotransmitters induce the body\'s \"soldiers\" (leukocytes) to exit their \"barracks\" (spleen, lung, marginated pool, and other organs) and enter the \"boulevards\" (blood vessels and lymphatics). This results in an increase in blood leukocyte numbers, the effect being most prominent for NK cells and granulocytes. As the stress response continues, activation of the HPA axis results in the release of glucocorticoid hormones, which induce leukocytes to exit the blood and take position at potential \"battle stations\" (such as the skin, lung, gastrointestinal and urinary-genital tracts, mucosal surfaces, and lymph nodes) in preparation for immune challenges, which may be imposed by the actions of the stressor \[[@B2],[@B7],[@B18]\]. Such a redistribution of leukocytes results in a decrease in blood leukocyte numbers. Thus, acute stress may result in a redistribution of leukocytes from the barracks, through the boulevards, and to potential battle stations within the body.

Since the blood is the most accessible and commonly used compartment for human studies, it is important to carefully evaluate how changes in blood immune parameters might reflect in vivo immune function in the context of the specific experiments or study at hand. Moreover, since most blood collection procedures involve a certain amount of stress, since all patients or subjects will have experienced acute and chronic stress, and since many studies of psychophysiologic effects on immune function focus on stress, the effects of stress on blood leukocyte distribution become a factor of considerable importance.

Dhabhar and colleagues were the first to propose that stress-induced changes in blood leukocyte distribution may represent an adaptive response \[[@B35],[@B50]\]. They suggested that acute stress-induced changes in blood leukocyte numbers represent a redistribution of leukocytes from the blood to organs such as the skin, draining sentinel lymph nodes, and other compartments \[[@B7],[@B18]\]. They hypothesized that such a leukocyte redistribution may enhance immune function in compartments to which immune cells traffic during stress. In agreement with this hypothesis, it was demonstrated that a stress-induced redistribution of leukocytes from the blood to the skin is accompanied by a significant enhancement of skin immunity \[[@B7],[@B50],[@B51]\].

Functional Consequences of Stress-Induced Changes in Immune Cell Distribution
=============================================================================

When interpreting data showing stress-induced changes in functional assays such as lymphocyte proliferation or NK activity, it may be important to bear in mind the effects of stress on the leukocyte composition of the compartment in which an immune parameter is being measured. For example, it has been shown that acute stress induces a redistribution of leukocytes from the blood to the skin and that this redistribution is accompanied by a significant enhancement of skin cell-mediated immunity \[[@B3],[@B7]\]. In what might at first glance appear to be contradicting results, acute stress has been shown to suppress splenic and peripheral blood responses to T-cell mitogens \[[@B52]\] and splenic immunoglobulin M (IgM) production \[[@B53]\]. However, it is important to note that in contrast to the skin that is enriched in leukocytes during acute stress, peripheral blood and spleen are relatively depleted of leukocytes during acute stress \[[@B54]\]. This stress-induced decrease in blood and spleen leukocyte numbers may contribute to the acute stress-induced suppression of immune function in these compartments.

Moreover, in contrast to acute stress, chronic stress has been shown to suppress skin cell-mediated immunity, and a chronic stress-induced suppression of blood leukocyte redistribution is thought to be one of the factors mediating the immunosuppressive effect of chronic stress \[[@B15]\]. Again, in what might appear to be contradicting results, chronic stress has been shown to enhance mitogen-induced proliferation of splenocytes \[[@B55]\] and splenic IgM production \[[@B53]\]. However, the spleen is relatively enriched in T cells during chronic glucocorticoid administration, suggesting that it may also be relatively enriched in T cells during chronic stress, \[[@B56]\] and this increase in spleen leukocyte numbers may contribute to the chronic stress-induced enhancement of immune parameters measured in the spleen.

It is also important to bear in mind that the heterogeneity of the stress-induced changes in leukocyte distribution \[[@B2]\] suggests that using equal numbers of leukocytes in a functional assay may not account for stress-induced changes in relative percentages of different leukocyte subpopulations in the cell suspension being assayed. For example, samples that have been equalized for absolute numbers of total blood leukocytes from control versus stressed animals may still contain different numbers of specific leukocyte subpopulations (eg, T cells, B cells, or NK cells). Such changes in leukocyte composition may contribute to the effects of stress even in functional assays using equalized numbers of leukocytes from different treatment groups. Therefore, stress may affect immune function at a cellular level (eg, phagocytosis, antigen presentation, killing, antibody production) and/or through leukocyte redistribution that could increase or decrease the number of cells with a specific functional capacity in the compartment being studied.

Effects of Acute Stress on Leukocyte Trafficking to a Site of Surgery or Immune Activation
==========================================================================================

Viswanathan and colleagues used a clinically relevant subcutaneously implanted surgical sponge model to elucidate the effects of stress on the kinetics, magnitude, subpopulation, and chemoattractant specificity of leukocyte trafficking to a site of immune activation or surgery \[[@B5]\]. Mice that were acutely stressed before subcutaneous implantation of the surgical sponge showed a two- to three fold higher neutrophil, macrophage, NK cell, and T cell infiltration than nonstressed animals. Leukocyte infiltration was evident as early as 6 hours and peaked between 24 and 48 hours. Importantly, at 72 hours, sponges from nonstressed and acutely stressed mice had comparable and significantly lower leukocyte numbers, indicating effective resolution of inflammation in both groups. These authors also examined the effects of stress on early (6 hours) leukocyte infiltration in response to a predominantly proinflammatory cytokine, tumour necrosis factor-α (TNF-α), and lymphocyte-specific chemokine, lymphotactin (LTN). Acute stress significantly increased infiltration of macrophages in response to saline, LTN, or TNF-α; neutrophils only in response to TNF-α; and NK and T cells only in response to LTN. These results showed that acute stress significantly enhances the kinetics and magnitude of leukocyte infiltration into a site of immune activation or surgery in a subpopulation and chemoattractant-specific manner, with tissue damage or antigenor pathogen-driven chemoattractants synergizing with acute stress to further determine the specific subpopulations that are recruited \[[@B5]\]. Thus, depending on the primary chemoattractants driving an immune response, acute stress may selectively mobilize specific leukocyte subpopulations into sites of surgery, wounding, or inflammation. Such a stress-induced increase in leukocyte trafficking may be an important mechanism by which acute stressors alter the course of different (innate versus adaptive, early versus late, acute versus chronic) protective or pathologic immune responses.

Acute Stress-Induced Enhancement of Innate/Primary Immune Responses
===================================================================

In view of the skin being one of the target organs to which leukocytes traffic during stress, studies were conducted to examine whether skin immunity is enhanced when immune activation/antigen exposure occurs following a stressful experience. Studies showed that acute stress experienced at the time of novel or primary antigen exposure results in a significant enhancement of the ensuing skin immune response \[[@B3]\]. Compared with controls, mice restrained for 2.5 hours before primary immunization with keyhole limpet hemocyanin (KLH) showed a significantly enhanced immune response when reexposed to KLH 9 months later. This immunoenhancement was mediated by an increase in the numbers of memory and effector helper T cells in sentinel lymph nodes at the time of primary immunization. Further analyses showed that the early stress-induced increase in T-cell memory may have stimulated the robust increase in infiltrating lymphocyte and macrophage numbers observed months later at a novel site of antigen reexposure. Enhanced leukocyte infiltration was driven by increased levels of the type 1 cytokines interleukin (IL)-2, interferon (IFN)-γ, and TNF-α, observed at the site of antigen reexposure in animals that had been stressed at the time of primary immunization. Given the importance of inducing long-lasting increases in immunologic memory during vaccination, it has been suggested that the neuroendocrine stress response is nature\'s adjuvant, which could be psychologically and/or pharmacologically manipulated to safely increase vaccine efficacy.

In a series of elegant experiments, Saint Mezard and colleagues similarly showed that acute stress experienced at the time of sensitization resulted in a significant increase in the contact hypersensitivity (CHS) response \[[@B6]\]. These investigators showed that acute stress experienced during sensitization enhanced dendritic cell migration from skin to sentinel lymph nodes and also enhanced priming of lymph node CD8^+^T cells. These CD8^+^T cells responded in greater numbers at the site of antigen reexposure during the recall phase of the CHS response. These studies also suggested that the effects of acute stress in this case were mediated primarily by norepinephrine \[[@B6]\].

Viswanathan and colleagues further elucidated the molecular and cellular mediators of the immunoenhancing effects of acute stress \[[@B57]\]. They showed that compared with nonstressed mice, acutely stressed animals showed significantly greater pinna swelling, leukocyte infiltration, and upregulated macrophage chemoattractant protein 1 (MCP-1), macrophage inflammatory protein 3α (MIP-3α), IL-1α, IL-1β, IL-6, TNF-α, and IFN-γ gene expression at the site of primary antigen exposure. Stressed animals also showed enhanced maturation and trafficking of dendritic cells from skin to lymph nodes, higher numbers of activated macrophages in skin and lymph nodes, increased T-cell activation in lymph nodes, and enhanced recruitment of surveillance T cells to skin. These findings showed that important interactive components of innate (dendritic cells and macrophages) and adaptive (surveillance T cells) immunity are mediators of the stressinduced enhancement of a primary immune response. Such immunoenhancement during primary immunization may induce a long-term increase in immunologic memory, resulting in subsequent augmentation of the immune response during secondary antigen exposure.

In addition to elucidating mechanisms that could be targeted to reduce stress-induced exacerbation of allergic, autoimmune, and proinflammatory reactions, the abovementioned studies provide further support for the idea that a psychophysiologic stress response is nature\'s fundamental survival mechanism that could be therapeutically harnessed to augment immune function during vaccination, wound healing, or infection.

Acute Stress-Induced Enhancement of Adaptive/Secondary Immune Responses
=======================================================================

Studies have shown that in addition to enhancing primary cutaneous immune responses, acute stress experienced at the time of antigen reexposure can also enhance secondary or recall responses in skin \[[@B7]\]. Compared with nonstressed controls, mice that were acutely stressed at the time of antigen reexposure showed a significantly larger number of infiltrating leukocytes at the site of the immune reaction. These results demonstrated that a relatively mild behavioural manipulation can enhance an important class of immune responses that mediate harmful (allergic dermatitis) and beneficial (resistance to certain viruses, bacteria, and tumours) aspects of immune function.

Blecha and colleagues reported a similar stressinduced enhancement of CHS reactions in mice, \[[@B58]\] and Flint and colleagues showed that acute stress enhanced CHS responses in both male and female mice and that immunoenhancement was partially dependent on glucocorticoid hormones \[[@B59]\]. Stress-induced enhancement of the elicitation phase of skin cell-mediated immunity has also been reported in hamsters \[[@B33]\]. Taken together, studies show that acute stress can significantly enhance the immunization/sensitization/induction, as well as the reexposure/elicitation/recall phases of skin cell-mediated immunity.

Hormone and Cytokine Mediators of Stress-Induced Enhancement of Immune Function
===============================================================================

Although much work remains to be done to identify molecular, cellular, and physiologic mechanisms mediating the adjuvant-like, immunoenhancing effects of acute stress, several studies have begun to identify endocrine and immune mediators of these effects. Studies have shown that corticosterone and epinephrine are important mediators of an acute stress-induced immunoenhancement \[[@B50]\]. Adrenalectomy, which eliminates the glucocorticoid and epinephrine stress response, eliminated the stress-induced enhancement of skin delayed-type hypersensitivity (DTH). Low-dose corticosterone or epinephrine administration significantly enhanced skin DTH \[[@B50]\]. In contrast, high-dose corticosterone, chronic corticosterone, or low-dose dexamethasone administration significantly suppressed skin DTH. These results suggested a novel role for adrenal stress hormones as endogenous immunoenhancing agents. They also showed that stress hormones released during a circumscribed or acute stress response may help prepare the immune system for potential challenges (eg, wounding or infection), for which stress perception by the brain may serve as an early warning signal. Studies by Flint and colleagues have also suggested that corticosterone is a mediator of the stress-induced enhancement of skin CHS, \[[@B59]\] whereas Saint-Mezard and colleagues have suggested that the adjuvant-like effects of stress on dendritic cell and CD8^+^T-cell migration and function are mediated by norepinephrine \[[@B6]\].

Studies have also examined the immunologic mediators of an acute stress-induced enhancement of skin immunity. Since IFN-γ is a critical cytokine mediator of cell-mediated immunity and delayed as well as contact hypersensitivity, studies were conducted to examine its role as a local mediator of the stress-induced enhancement of skin DTH \[[@B51]\]. The effect of acute stress on skin DTH was examined in wild-type and IFN-γ receptor gene knockout mice (IFN-γ R^-/-^) that had been sensitized with 2,4-dinitro-1-fluorobenzene (DNFB). Acutely stressed wild-type mice showed a significantly larger DTH response than nonstressed mice. In contrast, IFN-γ R^-/-^mice failed to show a stress-induced enhancement of skin DTH. Immunoneutralization of IFN-γ in wild-type mice significantly reduced the stress-induced enhancement of skin DTH. In addition, an inflammatory response to direct IFN-γ administration was significantly enhanced by acute stress. These results showed that IFN-γ is an important local mediator of a stress-induced enhancement of skin DTH \[[@B51]\]. In addition to IFN-γ, TNF-α MCP-1, MIP-3α, IL-1, and IL-6 have also been associated with a stress-induced enhancement of the immunization/sensitization phase of skin cell-mediated immunity \[[@B3],[@B57]\]. It is clear that further investigation is necessary to identify the most important molecular, cellular, and physiologic mediators of a stress-induced enhancement of skin immunity.

Stress-Induced Suppression of Immune Function
=============================================

In contrast to acute stressors, chronic stress has been shown to suppress or dysregulate immune function \[[@B8],[@B60]-[@B66]\]. Dhabhar and colleagues conducted studies designed to examine the effects of increasing the intensity and duration of acute stress, as well as the transition from acute to chronic stress on skin immune function \[[@B15]\]. These studies showed that acute stress administered for 2 hours prior to antigenic challenge significantly enhanced skin cell-mediated immunity \[[@B15]\]. Increasing the duration of stress from 2 to 5 hours produced the same magnitude of immunoenhancement. Interestingly, increasing the intensity of acute stress produced a significantly larger enhancement of the DTH response, which was accompanied by increasing magnitudes of leukocyte redeployment. In contrast, these studies found suppression of the skin immune response when chronic stress exposure was begun 3 weeks before sensitization and either discontinued on sensitization, or continued an additional week until challenge, or extended for 1 week after challenge \[[@B15]\]. Interestingly, acute stress-induced redistribution of peripheral blood lymphocytes was attenuated with increasing duration of stressor exposure and correlated with attenuated glucocorticoid responsivity. These results suggested that stress-induced alterations in lymphocyte redeployment may play an important role in mediating the bidirectional effects of stress on cutaneous cell-mediated immunity \[[@B5]\]. An association between chronic stress and reduced skin cell-mediated immunity has also been reported in human subjects \[[@B67]\].

Given the importance of cutaneous cell-mediated immunity in elimination of immunoresponsive tumours such as squamous cell carcinoma SCC, \[[@B68],[@B69]\] Saul and colleagues examined the effects of chronic stress on susceptibility to ultraviolet radiation (UV)-induced SCC \[[@B10]\]. Mice were exposed to a minimal erythemal dose of UVB three times a week for 10 weeks. Half of the UVBexposed mice were left nonstressed (ie, they remained in their home cages), and the other half were chronically stressed (ie, restrained during weeks 4-6). UV-induced tumours were measured weekly from week 11 through week 34, blood was collected at week 34, and tissues were collected at week 35. Messenger ribonucleic acid expression of IL-12p40, IFN-γ, IL-4, IL-10, CD3ε, and CCL27/CTACK, the skin T cell-homing chemokine, in dorsal skin was quantified using real-time polymerase chain reaction. CD4^+^, CD8^+^, and CD25^+^leukocytes were counted using immunohistochemistry and flow cytometry. Stressed mice had a shorter median time to first tumour (15 vs 16.5 weeks) and reached 50% incidence earlier than controls (15 weeks vs 21 weeks). Stressed mice also had lower IFN-γ, CCL27/CTACK, and CD3ε gene expression and lower CD4^+^and CD8^+^T cells infiltrating within and around tumours than nonstressed mice. In addition, stressed mice had higher numbers of tumour infiltrating and circulating CD4^+^CD25^+^suppressor cells than nonstressed mice. These studies showed that chronic stress increased susceptibility to UV-induced SCC by suppressing skin immunity, type 1 cytokines, and protective T cells and increasing active immunosuppression through regulatory/suppressor T cells \[[@B10]\].

Similarly, in human and animal studies, chronic stress has also been shown to suppress different immune parameters, examples of which include CMI, \[[@B70],[@B71]\] antibody production, \[[@B72]\] NK activity, \[[@B16],[@B74]-[@B76]\] leukocyte proliferation, \[[@B74],[@B75],[@B77]\] skin homograft rejection, \[[@B78]\] virus-specific T cell and NK cell activity, \[[@B79]\] and antimycobacterial activity of macrophages from susceptible mouse strains \[[@B80]\].

Stress-Immune Spectrum
======================

Dhabhar and McEwen have proposed that a stress response and its effects on immune function be viewed in the context of a stress-immune spectrum \[[@B1],[@B15],[@B18]\]. One region of this spectrum is characterized by acute stress or eustress, that is, conditions of short-duration stress that may result in immunopreparatory or immunoenhancing physiologic conditions. An important characteristic of acute stress is a rapid physiologic stress response mounted in the presence of the stressor, followed by a rapid shutdown of the response upon cessation of stress. The other end of the stress spectrum is characterized by chronic stress or distress, that is, repeated or prolonged stress that may result in dysregulation or suppression of immune function. An important characteristic of distress is that the physiologic response either persists long after the stressor has ceased or is activated repeatedly to result in an overall integrated increase in exposure of the organism to stress hormones. The concept of \"allostatic load\" has been proposed to define the \"psychophysiological wear and tear\" that takes place while different biologic systems work to stay within a range of equilibrium (allostasis) in response to demands placed by internal or external chronic stressors \[[@B12],[@B17]\]. We suggest that conditions of high allostatic load would result in dysregulation or suppression of immune function. Importantly, a disruption of the circadian corticosterone/cortisol rhythm may be an indicator and/or mediator of distress or high allostatic load \[[@B15],[@B81]\]. The stress-immune spectrum also proposes that between eustress and distress is a region that represents resilience, which we define as the ability of physiologic systems to enable survival under increasingly challenging conditions. The psychophysiologic mechanisms of resilience \[[@B82]\] provide an attractive area for future research.

The stressor itself can be acute or chronic. Importantly, cognitive mechanisms mediating stress perception, coping, and sense of control and psychosocial factors such as social support are critical determinants of the duration and magnitude of a physiologic stress response that is driven by the brain for any given stressor. Cognitive perception and coping mechanisms are especially important in humans because they can psychologically \"convert\" acute stressors into chronic physiologic stress responses. Psychogenic stress is also a very important phenomenon in human subjects because it can generate physiologic stress responses long after stressor exposure (eg, lingering anger/mood disturbance following a social altercation) or even in the absence of a physical stressor or salient threat (eg, worrying about whether one\'s romantic feelings will be reciprocated). Therefore, following stressor exposure and its processing by the brain, a physiologic stress response ensues. This response may consist of acute or chronic physiologic activation (neurotransmitters, hormones, and their molecular, cellular, organ-level, and systemic effects) that has differential effects on immune function.

The duration, magnitude, and timing of exposure to stress or stress hormones and the source (endogenous versus synthetic) of hormone are critical for determining whether, in a given situation, stress will enhance or suppress/dysregulate immune function (Table [1](#T1){ref-type="table"}).

###### 

Factors that Determine whether Psychological Stress May Enhance or Suppress Immune Function

  *Factor*                                 *Stress-Induced Immunoenhancement*                                   *Stress-Induced Immunosuppression*
  ---------------------------------------- -------------------------------------------------------------------- --------------------------------------------------------
  Immune cell redistribution               In leukocyte-enriched compartments (eg, skin, sentinel lymphnodes)   In leukocyte-depleted compartments (eg, blood, spleen)
  Duration of stress or hormone exposure   Acute (minutes to hours)                                             Chronic (weeks/months/years)
  Concentration of hormone                 Physiologic stress levels                                            High pharmacologic levels
  Source of glucocorticoid                 Endogenous                                                           Synthetic analogues

Conclusion
==========

An important function of physiologic mediators released under conditions of acute psychological stress may be to ensure that appropriate leukocytes are present in the right place and at the right time to respond to an immune challenge that might be initiated by the stress-inducing agent (eg, attack by a predator, invasion by a pathogen, etc.). The modulation of immune cell distribution by acute stress may be an adaptive response designed to enhance surveillance and increase the capacity of the immune system to respond to challenge in compartments (such as the skin, lung, gastrointestinal and urinary-genital tracts, mucosal surfaces, and lymph nodes), which serve as defense barriers for the body. Thus, neurotransmitters and hormones released during stress may increase immunosurveillance and help enhance immune preparedness for potential (or ongoing) immune challenge. Stress-induced immunoenhancement may increase immunoprotection during surgery, vaccination, or infection but may also exacerbate immunopathology during inflammatory (asthma, allergy, dermatitis, cardiovascular disease, gingivitis) or autoimmune (psoriasis, arthritis, multiple sclerosis) diseases that are known to be exacerbated by stress \[[@B83]-[@B88]\].

The relationships between immune function and the physiologic manifestations of stress are complex. The studies described here shed light on potential mechanisms that may mediate the bidirectional effects of stress on immune function and provide substrates for interventions that may be designed to dampen or eliminate stress-induced exacerbation of allergic, inflammatory, or autoimmune diseases. Although decades of research have examined the pathologic effects of stress on immune function and on health, the study of salubrious or health-promoting effects of stress is relatively new \[[@B1],[@B3]\]. Therefore, the studies presented here also provide a framework for developing therapeutic interventions that harness the mind and body\'s endogenous health-promoting mechanisms to enhance protective immunity during vaccination, infection, or wound healing. Much work remains to be done to elucidate the mechanisms mediating the salubrious versus health-aversive effects of stress and to translate basic findings in the field from bench to bedside. Moreover, this work is extremely important because stress is a ubiquitous aspect of life and is thought to play a role in the etiology of numerous diseases.
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